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Abstract
The expansion of the electronic industry and the extensive use of electronic equipment in communications, computa-
tions, automations, biomedicine, space, and other purposes have led to problems such as electromagnetic interference of
electronic devices and health issues. For the reasons given above, the demand for the protection of human beings and
sensitive electronic and electrotechnic appliances against the undesirable influence of electromagnetic signals and
troublesome charges has been increasing. This paper presents the present state of fabrication and characterization of
multifunctional high-performance metal/m-aramid hybrid fabrics with increased resistivity to electromagnetic smog while
preserving basic properties of textile structures designated for clothing or technical purposes. In this paper, hybrid
electromagnetic shielding fabrics made of high-performance fibers are introduced. An effect of metal content is studied
and a form of relation between resistivity and total shielding effectiveness is proposed. Furthermore, chosen mechanical
properties of developed fabric are evaluated.
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According to the World Health Organization,1 expos-
ure to electromagnetic (EM) fields is not a new phe-
nomenon. However, during the 20th century,
environmental exposure to man-made EM fields has
been steadily increasing due to growing electricity
demand, ever-advancing technologies and changes in
social behavior.
Everyone is exposed to a complex mix of weak elec-
tric and magnetic fields, both at home and at work.
Sources of such emissions could include generation
and transmission of electricity, domestic appliances
and industrial equipment, telecommunications, and
broadcasting. If the EM waves are not isolated effect-
ively, they will cause interference with each other and
result in technical errors. If somebody gets exposed
under the EM, radiate environment, physical harms
may occur to the human body.2,3
Metal is considered to be the best EM shielding
material due its conductivity and permeability, but it
is expensive, heavy, and it may also have thermal
expansion and metal oxidation, or corrosion problems
associated with its use. In contrast, most synthetic
fabrics are electrically insulating and transparent to
EM radiation.4
In recent years, conductive fabrics have obtained
increased attention for EM shielding5–10 and anti-
electrostatic purposes.11–16 This is mainly due to their
desirable flexibility and lightweight properties. One way
that conductive fabrics can be created is by using
minute electrically conductive fibers. They can be pro-
duced in filament or staple lengths and can be incorpo-
rated with traditional non-conductive fibers to create
yarns that possess varying degrees of conductivity.
Another method uses conductive coatings, which
can transform substrates into electrically conductive
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Liberec, Studentská 2, Liberec 463 17, Czech Republic.
Email: veronika.safarova@tul.cz
Textile Research Journal
2014, Vol. 84(12) 1255–1267





materials without significantly altering the existing sub-
strate properties. They can be applied to the surface of
fibers, yarns, or fabrics. The most common are metal
and conductive polymer coatings.
Meta-aramid is an aromatic polyamide fiber that pos-
sesses excellent physical and mechanical properties.
Because of its outstanding flame-proof and heat-
resisting properties, m-aramid fiber can be applied
widely in thermal protective apparel. The primary appli-
cations in which fabrics are used include firefighting and
many industrial areas, such as electrical and molten
processing. The EM shielding ability of these protective
fabrics is often underestimated. In certain cases, people
need to be protected from harmful effects of heat and
at the same time they need to be protected from harm-
ful effects of high-level EM radiation (e.g. operators of
high-frequency heating or molding apparatus).
There is not enough research on shielding properties
of conductive fabrics made of high-performance fibers
(designated for protective clothing) produced directly
from conductive fibers with increased mechanical prop-
erties. Most of the studies focus on composite struc-
tures, such as aramid fiber composites.17–19 For
example Zhang et al.17 prepared cement-based compos-
ites by introducing aramid fiber into cement. The effect
of the filling ratio and length of fibers on EM and
mechanical properties was studied and it was found
that both factors had influence on absorption proper-
ties, the breaking strength, and the compressive
strength of cement. On the other hand, the diameters
of the metal fibers utilized in previous studies for EM
shielding fabric are too large (0.08–0.15mm) to be flex-
ible enough to be applied for certain applications.5,8,12
Therefore, it seems that there is a need for creation of
protective fabrics with excellent physical and mechan-
ical properties and at the same time with increased EM
shielding ability.
In this study we aimed to design and investigate
hybrid high-performance EM shielding fabrics.
Woven fabrics are made of hybrid yarns produced by
blending extremely thin metal fibers (diameter
0.008mm) and high-performance m-aramid fibers.
The design and validation of a low-cost metal compos-
ite fabric with EM shielding effectiveness (SE), flexibil-
ity, processability, and unique tensile strength is
presented. The effect of metal content is studied and a
form of relation between resistivity and total SE is pro-
posed. Unique mechanical properties of samples, that
have a special ability to shield EM smog, are verified
using dynamic mechanic analysis (DMA).
The shielding mechanism
An EM field is built up from electric E and magnetic
field H components. An electric field is created by a
voltage difference and a magnetic field is created by a
moving charge, that is, by a current. Every current is
thus accompanied by both an electric and a magnetic
field. Electromagnetic interference (EMI) shielding con-
sists of two regions, a near-field shielding region and a
far-field shielding region. The amount of attenuation
due to shielding depends on the EM wave reflection
from the shield surface, absorption of the waves into
the shield, and the multiple reflections of the waves at
various surfaces or interfaces in the shield. The multiple
reflections require the presence of a large surface area
(porous or foam) or an interface area (composite
material containing fillers with large surface area) in
the shields. The loss related with multiple reflections
can be neglected when the distance between the reflect-
ing surfaces or interfaces is large compared to the skin
depth  [m] (the penetration depth), defined as:
 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
 f  K
p ð1Þ
where f [Hz] is the frequency and  is the magnetic
permeability equal to 0. r, 0 is the absolute perme-
ability of free space (air¼ 4p 107) and K [S m1] is the
electrical conductivity. An electric field at a high fre-
quency penetrates only the near-surface region of a
conductor. The amplitude of the wave decreases expo-
nentially as the wave penetrates the conductor. The
depth at which the amplitude is decreased to 1/e of
the value at the surface is called the ‘‘skin depth,’’
and the phenomenon is known as the ‘‘skin effect.’’20
Efficiency of EM shields is commonly expressed by
the total SE [dB], which represents the ratio between
power P2 [W] obtained when the shield is present and
power P1 obtained when the shield is not present:
18





where log(x) is decimal logarithm.
The EM shielding efficiency of an element is charac-
terized by its electric conductivity, permittivity, and
permeability, parameters of source, and properties of
the ambient surrounding.
Whilst we are able to determine SE for metal shields
on the basis of their electrical parameters, for samples
with a more complex structure, and often heteroge-
neous composition, such as textile materials, it seems
that the SE can be determined only based on measure-
ment.21 There are several methods available for SE
measurements. However, for thin planar structures,
there are no standards defining the evaluation of
small samples of only several tens of centimeters in
size. The following test methods are commonly used
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for measuring EM shielding of a given shielding
material:22
1. the shielded box method;
2. the shielded room method;
3. the coaxial transmission line method.
Each of the above-mentioned methods has some
advantages and limitations. For example, the shielded
box method is widely used for fast, comparative meas-
urements of test samples of different materials. The test
comprises of a metal box that has a sample port in one
wall and is fitted with receiving antenna. A transmitting
antenna is placed outside the box.22 Great shielding of
surrounding man-made noise is the main advantage of
this measurement method. On the other hand, for par-
ticularly narrow frequency ranges, a metal box with
specific dimensions is required. The coaxial transmis-
sion line method (ASTM D4935) is now the most com-
monly preferred method. The measurements can be
done at a specific frequency range (from 30 MHz to
1.5GHz). The results obtained in different laboratories
should be comparable.21 Tests are carried out on small
doughnut-shaped samples, but preparation of the sam-
ples is quite time consuming. MIL-STD-285, IEEE-
STD-299, and later standards (e.g. EN 61000-5-7)
based on the shielded room method are marked as
the most sophisticated ones.22 The test specimen size
ranges typically from 0.25 to 2.5m2 in area for square
samples or round test samples with a diameter of
30 cm.21 In general, a signal source is placed outside
the test enclosure, whilst the measurement device is
located inside. The frequency range is from about 100
kHz to 10GHz.5 It is expected that the test results
obtained for the same material tested at different
laboratories can vary, even by as much as several
dBs.21 This is because the opening in the shielded wall
of the chamber also affects the measurements. This
opening itself forms a type of antenna with the param-
eters depending on several factors, one of which is its
dimensions.
As already mentioned above, the evaluation of EM
interference shielding efficiency needs to use special
devices. Besides that, there is no measurement method
that would singularly define the SE parameters of
screening textiles and also no effective method for com-
paring the results of SE measurement obtained via dif-
ferent test methods based on different physical
principles (for example MIL-STD 285 and ASTM
D4935).21 Measurements of volume resistivity or recip-
rocal values of electric conductivity are simpler. It is
known from the theory that at sufficiently high frequen-
cies it is possible to measure characteristics of the elec-
trical part of the EM field only and therefore there
should be a direct relation between total SE [dB] and
fabric resistivity. Basic proposed numerical models of
fabric SE are based either on electrical properties (espe-
cially volume conductivity) of the element23–28 or on
analysis of leakage through the opening in the textile.29
Experimental details
Hybrid yarns
Hybrid yarns were composed of high-performance
meta-aramid fibers and different content of staple
BEKINOX stainless steel (SS) metal fibers (1%, 3%,
5%, 10%, 15%, 20%). The aspect ratio (length/diam-
eter ratio, l/d) of the SS used in this study is 6250, since
the diameter of the SS is 8 mm and the fiber length of the
SS is 50mm. In this study, CONEX high-performance
poly(m-phenylene isophthalamide) fiber with a fineness
1.8 dtex and 51mm length was used. TREVON poly-
propylene fiber (2.2 dtex/50mm) was chosen as a com-
parative non-conductive material. Properties of these
fibers are given in Table 1. Hybrid yarns were two-ply
yarns; fineness of yarns was 2 25 tex.
Hybrid fabrics
The seven fabrics with the same structure (weft and
warp fineness 2 25 tex, warp density 20 1/cm, weft
density 19 1/cm and twill weave) were used. Details
about the fabrics are given in Table 2. Sample No. 7
was used in order to compare whether the average dif-
ference between the chosen mechanical properties of
samples with different non-conductive portions is
significant.











Meta-aramid fiber (Conex) 1.80 51 34.38 32.2 57.37
Stainless steel fiber (Bekinox) 3.85 50 14.35 1.29 111.56
Polypropylene fiber (Trevon) 2.20 50 34.83 57.57 24.95
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Statistical analysis of small samples
Due to the very small sample sizes 4 n 20 available
for evaluation process, a procedure based on order stat-
istics introduced by Horn30 was used. This is based on
the depths that correspond to the sample quartiles. The
pivot depth is expressed by:
HL ¼ int½ðnþ lÞ=2=2 orHL ¼ int½ðnþ lÞ=2þ l=2
according to which HL is an integer. The lower pivot is
xL¼ x(H) and the upper one is xU¼x(n+1H). Note
that the x(i) are ordered statistics, that is, x(i)<¼ x(i+ 1).
The estimate of the parameter of location is then
expressed by the pivot half sum:
PL ¼ 0:5 xL þ xUð Þ ð3Þ
and the estimate of the parameter of spread is expressed
by the pivot range:







2 xU  xLð Þ
ð5Þ
has approximately symmetric distribution and its quan-
tiles are given by Horn.30
The 95% confidence interval of the mean is
expressed by pivot statistics as
PL  RLtL,0:95 nð Þ    PL þ RLtL,0,95 nð Þ ð6Þ
and analogously hypothesis testing may also be carried
out. For small samples (4 n 20), the pivot statistics
lead to more reliable results than the application of
Student’s F-test or robust t-tests.
Characterization
Electrical properties evaluation. Volume and surface resist-
ivity of the high-performance hybrid fabrics were mea-
sured according to the standard ASTM D257-07,
at temperature T¼ 22.3C and relative humidity
RH¼ 40.7%. Volume resistivity is measured by apply-
ing a voltage potential across opposite sides of the
sample and measuring the resultant current through
the sample. Volume resistivity V [ . cm] was calcu-





where RV [] is volume resistance reading, t is thickness
of the fabric [cm], and S is the surface area of the elec-
trodes [cm2].
Surface resistivity is measured by applying a voltage
potential between two electrodes of specified configur-
ation that are in contact with the same side of a mater-






where RS [] is the surface resistance reading, R1 is the
outer radius of the center electrode [m], and R2 is the
inner radius of the outer ring electrode [m]. The meas-
urement was carried out at 15 different places on the
textile samples because of subsequent statistical ana-
lysis, ¼ 0.05, tL,0.95(15)¼ 0.399. The mean values esti-
mator (pivot half sums), pivot ranges, and confidence
intervals for means of V and S are summarized
in Table 3.
Electromagnetic shielding effectiveness evaluation. The SE of
the high-performance hybrid fabrics was measured
according to ASTM D 4935-99,29 for planar materials














1 1% SS/99% m-aramid 25 2/25 2 0.70 2/2 twill 20/19 211
2 3% SS/97% m-aramid 25 2/25 2 0.63 2/2 twill 20/19 215
3 5% SS/95% m-aramid 25 2/25 2 0.57 2/2 twill 20/19 213
4 10% SS/80% m-aramid 25 2/25 2 0.58 2/2 twill 20/19 208
5 15% SS/75% m-aramid 25 2/25 2 0.58 2/2 twill 20/19 212
6 20% SS/80% m-aramid 25 2/25 2 0.57 2/2 twill 20/19 215
7 5% SS/95% PP 25 2/25 2 0.77 2/2 twill 20/19 230
SS: stainless steel; PP: polypropylene.
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using a plane-wave, far-field EM wave. The SE of sam-
ples was measured over a frequency range from 30
MHz to 1.5GHz. The set-up consisted of a sample
holder with its input and output connected to the net-
work analyzer. A SE test fixture (Electro-Metrics, Inc.,
model EM-2107A) was used to hold the sample. The
design and dimension of the sample holder follows the
ASTM method mentioned above. Network analyzer
Agilent E5061B was used to generate and receive the
EM signals. The standard mentioned above determines
the SE of the fabric using the insertion-loss method. A
reference measurement for the empty cell was required
for the SE assessment. A ‘‘through’’ calibration with
the help of the reference sample was made first. A
load measurement was performed on a solid disk-
shape sample subsequently. The reference and load spe-
cimens must be of the same material and thickness.
Sample (both reference and load) geometries according
to ASTM D 4935-99 are shown in Figure 1. The meas-
urement was carried out at four different places on the
textile samples because of subsequent statistical ana-
lysis, ¼ 0.05, tL,0.95(4)¼ 0.555. The mean values esti-
mator (pivot half sums), pivot ranges, and confidence
intervals for means of SE for frequency 1.5 GHz are
summarized in Table 4.
Chosen mechanical properties’ evaluation. Young’s modulus
E and loss factor tg  were chosen as representative
candidates for mechanical properties’ evaluation.
These parameters were studied with the help of the
DMA method. The DMA method monitors the behav-
ior of materials during mechanical exposure. The visco-
elastic property of a sample is studied using DMA
where a sinusoidal force (stress ) is applied to a mater-
ial and the resulting displacement (strain ") is measured.
This sinusoidal force was chosen as the easiest way to
simulate dynamic conditions during wearing, because
developed high-performance fabrics are designed for
protective clothing. For a perfectly elastic solid, the
resulting strain and stress will be perfectly in phase.
Viscoelastic polymers have the characteristics in
between where the same phase lag will occur during
DMA tests. This phase lag represents loss angle  (see
Figure 2). Loss factor tg  expresses the rate of mech-









where E is a complex modulus, E00 is a loss modulus,
and E’ is a storage modulus.
(a) (b)
Figure 1. Illustrations of (a) reference and (b) load sample.
Table 3. Results of electrical properties’ evaluation
Sample
Volume resistivity V [.cm] Surface resistivity s []
Pivot half sum PL Pivot range RL 95% CI Pivot half sum PL Pivot range RL 95% CI
1 4.16E + 08 3.10E + 08  1.24E + 08 3.24E + 07 2.68E + 07  1.07E + 07
2 6.48E + 06 4.88E + 06  1.95E + 06 1.14E + 06 9.83E + 05  3.92E + 05
3 1.32E + 06 1.07E + 06  4.26E + 05 3.11E + 05 2.43E + 05  9.71E + 04
4 6.49E + 04 3.51E + 04  1.40E + 04 3.43E + 04 1.81E + 04  7.21E + 03
5 1.04E + 04 4.97E + 03  1.98E + 03 3.47E + 03 1.44E + 03  5.76E + 02
6 6.14E + 03 1.63E + 03  6.51E + 02 1.19E + 03 6.28E + 02  2.51E + 02
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Firstly, the conductive component content on the
Young’s modulus and loss factor was studied. For
this purpose, samples containing different portions of
SS fiber and identical non-conductive components were
used (sample no. 1–6). Although there are many studies
comparing the mechanical performances of fibers/fab-
rics made of m-aramid and polypropylene, it was aimed
to find out if the non-conductive component itself has a
statistically significant effect on the Young’s modulus of
these hybrid samples designed for protective clothing.
Therefore, in the second step, the effect of the non-
conductive component on mechanical properties was
examined. On this occasion samples with the same con-
tent of conductive component (5%) and different
material using a similar non-conductive component
(m-aramid, polypropylene) were evaluated (sample no.
3, sample no. 7). All studied samples have the same
structure (weft and warp fineness 2 25 tex, warp sett
20 1/cm, weft sett 19 1/cm, and twill weave). The meas-
urement was carried out at four different places on the
textile samples because of subsequent statistical
analysis, ¼ 0.05, tL,0.95(4)¼ 0.555. The mean values
(pivot half sums), pivot ranges, confidence intervals
for means of the Young’s modulus, and loss factor
are summarized in Tables 5 and 6.
Results and discussion
As described above, textile samples made of yarns con-
taining meta-aramid fibers and different portions of
conductive metal fiber (sample no. 1–6) were character-
ized by their electrical properties (surface and volume
resistivity), EM shielding (coaxial transmission line
method), and chosen mechanical properties (Young’s
modulus). Samples with different material using a simi-
lar non-conductive component (sample no. 3, sample
no. 7) were also evaluated in the terms of the Young’s
modulus.
In order to get a clear overview of the results,
Table 7 summarizes mean values of resistivity, EM
SE, and the Young’s modulus of samples with different
material composition. All statistical parameters of the
measured data (mean values, spread, and confidence
intervals) are represented in Tables 3–6. Table 7
shows that volume and surface resistivity are decreasing
(by about five orders) with increasing content of metal
fiber inside the woven fabric. EM SE is increasing (up
to 36 dB for samples with 20% of conductive compo-
nent at frequency 1.5 GHz) with increasing conductiv-
ity of samples, which falls in line with the shielding
theory. We can observe that the Young’s modulus is
increasing with increasing metal fiber content in sam-
ples for both studied directions.
Electrical properties
Figure 3 depicts the volume resistivity V and surface
resistivity s metal fiber concentration curve for current
samples made of high-performance fibers (sample no.
1–6). A strong correlation was found; the volume and
surface resistivity decrease by more than four orders of
magnitude between 1% and 20% metal fibers in the
hybrid fabrics. This figure also identifies a percolation
threshold at a loading of 3% of conductive component.
A percolation threshold and drastic decrease in resist-
ivity exists where the volume fraction of the metal fiber
portion becomes sufficient to provide continuous elec-
trical paths through the non-conductive component.
Generally, the percolation threshold varies consider-
ably with the shape and agglomeration of the conduct-
ive phase, as well as the type of non-conductive phase
used. It is well known that the resistivity dependence on
the amount of conductive component P is different for
the range below and above the so-called percolation
threshold Po. The V and s show the strongly
Figure 2. Phase diagram: time behavior of force and
diplacement.
Table 4. Results of electromagnetic shielding effectiveness
evaluation
Sample
Electromagnetic shielding effectiveness SE [dB]
f¼ 1.5 GHz
Pivot half sum PL Pivot range RL 95% CI
1 12.97 1.47  0.59
2 22.36 0.92  0.37
3 25.9 2.88  1.15
4 29.58 2.15  0.86
5 33.51 1.05  0.42
6 35.98 0.65  0.26
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decreasing function of P below Po . The V and s show
the more slowly decreasing function of P in the
range above Po for samples 1–6 . It stands to reason
that resistivity will not increase dramatically with
additional increasing of the conductive component
(above 20%).
The dependence of resistivity (V, s) on P can be
expressed by a simple power function (see Figure 4;
adopted from Clingerman et al.31):
 ¼ C  P
E ð10Þ

















1 1% SS/99% m-aramid 4.16E + 08 3.24E + 07 12.97 8.95E-02 8.74E-02
2 3% SS/97% m-aramid 6.48E + 06 1.14E + 06 22.36 9.43E-02 1.07E-01
3 5% SS/95% m-aramid 1.32E + 06 3.11E + 05 25.9 9.13E-02 1.07E-01
4 10% SS/80% m-aramid 6.49E + 04 3.43E + 04 29.58 1.03E-01 1.28E-01
5 15% SS/75% m-aramid 1.04E + 04 3.47E + 03 33.51 1.06E-01 1.34E-01
6 20% SS/80% m-aramid 6.14E + 03 1.19E + 03 35.98 1.18E-01 1.44E-01
7 5% SS/95% PP – – – 5.96E-02 7.37E-02
SS: stainless steel; PP: polypropylene.
Table 5. Details of studied fabric for Young’s modulus evaluation
Sample
Young’s modulus [GPa]
Warp direction Weft direction
Pivot half sum PL Pivot range RL 95% CI Pivot half sum PL Pivot range RL 95% CI
1 8.95E-02 1.52E-02  8.44E-03 8.74E-02 1.18E-02  6.55E-03
2 9.43E-02 1.55E-02  8.60E-03 1.07E-01 1.63E-02  9.05E-03
3 9.13E-02 4.70E-03  2.61E-03 1.07E-01 1.00E-02  5.55E-03
4 1.03E-01 4.00E-03  2.22E-03 1.28E-01 1.50E-02  8.33E-03
5 1.06E-01 8.00E-03  4.44E-03 1.34E-01 1.33E-02  7.38E-03
6 1.18E-01 6.00E-03  3.33E-03 1.44E-01 1.20E-02  6.66E-03
7 5.96E-02 1.20E-03  6.66E-04 7.37E-02 7.40E-03  4.11E-03
Table 6. Details of studied fabric for loss factor evaluation
Sample
Loss factor [-]
Warp direction Weft direction
Pivot half sum PL Pivot range RL 95% CI Pivot half sum PL Pivot range RL 95% CI
1 2.45E-01 3.90E-02  2.16E-02 2.48E-01 1.60E-02  8.88E-03
2 2.38E-01 2.30E-02  1.28E-02 2.54E-01 3.20E-02  1.78E-02
3 2.59E-01 2.90E-02  1.61E-02 2.31E-01 1.00E-02  5.55E-03
4 2.36E-01 1.80E-02  9.99E-03 2.34E-01 5.10E-02  2.83E-02
5 2.62E-01 4.20E-02  2.33E-02 2.24E-01 2.80E-02  1.55E-02
6 2.64E-01 1.60E-02  8.88E-03 2.33E-01 5.10E-02  2.83E-02
7 2.84E-01 6.00E-03  3.33E-03 2.61E-01 5.00E-03  2.78E-03
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where  is the volume or surface resistivity, C is the
surface or volume resistivity for P¼ 1% of the conduct-
ive component in hybrid yarn, and parameter E is
dependent on the structure of the conductive
component.
Electromagnetic shielding efficiency
Figure 5 shows the variation in SE for the six fabrics
made of high-performance fibers with incident fre-
quency in the range 30–1500MHz. The fabric with
the highest content of conductive component (metal
fiber) has the highest shielding efficiency through the
frequency range. The effect of metal content on the
SE has been already well established (e.g. Cheng
et al.,4 Duran and Kadoglu,8 and Kim et al.32). It was
confirmed in this study that SE increases with increas-
ing metal fiber content. The position of the SE global
maximum is possible to observe about frequency 1.1
GHz for all samples. The sample with the highest con-
tent of metal fiber reaches 42.9 dB for this frequency. It
is possible to observe a shift of the local minimum/max-
imum to lower frequencies for samples with higher
metal content.
The dependence of SE for frequency 1.5 GHz on
metal fiber content in yarn is shown in Figure 6(a).
We can examine the percolation threshold of the
Figure 4. The dependence of the natural logarithm of (a) surface resistivity and (b) volume resistivity of samples on percentage of
conductive component approximated by the simple power function.
Figure 3. The dependence of (a) surface resistivity and (b) volume resistivity of samples on percentage of conductive component.
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conductive component, which is about 3%. Even
though the SE of samples was obviously frequency
dependent, the SE increased logarithmically with
metal content. The dependence of SE on P for the
range above P0 can be simply approximated by lines
(see Figure 6(b)). The solid line in this graph corres-
ponds to the linear regression model with parameters
obtained by the minimizing sum of squared differences.
This linear regression model can be used for prediction
of the value of P for sufficient shielding. For example,





For example, SE¼ 40 dB can be obtained at
conductive component concentration P¼ 25.44%. The
prediction ability of this line model is restricted to the
content of the conductive component above percolation
threshold Po.
Correlation between electric resistance and
electromagnetic shielding
It is well known that the SE increases as electric con-
ductivity as well as permittivity of shielding material
increases based on the EM shielding theory,32,33 but
there is a lack of experimental verification and
Figure 6. The dependence of shielding effectiveness on conductive component content for (a) the whole range of samples and
(b) samples above the percolation threshold.
Figure 5. The dependence of shielding effectiveness on frequency for all samples.
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exploration of this dependence for fiber structures. In
addition, direct measurement of fabrics’ EM SE is
quite complicated, especially because of the need for
special devices and time-consuming preparation of
samples. Utilization of the presumption that the elec-
trical part of the EM field dominates for sufficiently
high frequencies seems to be simpler. Knowledge of
the electrical characteristics, which are easily measur-
able, could be therefore used for establishment of EM
SE of textile samples. That is why correlation between
surface and volume resistances and EM shielding effi-
ciency is studied. Samples with content of conductive
component higher than P¼ 3% were analyzed because
they belong to the region above the percolation
threshold. The dependence of total SE on logarithms
of surface and volume resistivity log s and log V is
shown in Figure 7. The approximate linearity is vis-
ible. The solid lines in this graph correspond to the
linear regression model with parameters obtained by
the minimizing sum of squared differences. The cor-
responding correlation coefficient r¼ 0.997, resp.
0.9878 indicates the good quality of fit. This graph
clearly indicates that for sufficiently high frequencies
it is sufficient to measure only the electric field char-
acteristics. In this graphical evaluation, EM shielding
efficiency at only one frequency (1.5 GHz) was stu-
died. This particular frequency is the maximum one
for measuring SE by the coaxial transmission line
method. During the research it was confirmed that
linear regression model is applicable also for other
Figure 7. The dependence of shielding effectiveness on the logarithm of (a) the surface and (b) volume resistivity in the area above
the percolation threshold.
Figure 8. The dependence of (a) the Young’s modulus and (b) the loss factor on conductive component content.
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studied frequencies (900 MHz–1.5GHz) with good
quality of fit (r¼ 0.99–0.98).
Chosen mechanical properties
The effect of content of conductive fiber content on
Young’s modulus is shown in Figure 8(a). The solid
line in this graph corresponds to the linear regression
model with parameters obtained by the minimizing sum
of squared differences. It is clear that the Young’s
modulus increases with the increasing portion of
metal fiber in the sample. The Young’s modulus of
weft is higher in comparison with the Young’s modulus
of warp. The same effect on the loss factor is shown in
Figure 8(b). There is no clear dependence between the
loss factor and conductive component content.
The effect of non-conductive material (m-aramid
versus polypropylene) on the Young’s modulus is
shown in Figure 9(a). The same effect on the loss
factor is shown in Figure 9(b). As expected, we can
observe that the Young’s modulus is much higher
when m-aramid fiber is used. The difference is about
30MPa for the weft and warp directions. Samples
made of m-aramid fiber have a lower loss factor in
comparison with samples made of polypropylene,
which is in agreement with the Young’s modulus evalu-
ation. This effect is determined by properties of fibers
used in this study (see Table 1). It was confirmed that
content of SS fiber (1–20%), as well as the type of non-
conductive component (m-aramid versus polypropylene
fiber), has a statistically significant effect on the
Young’s modulus.
Conclusion
The EM shielding properties and Young’s modulus of
conductive woven fabrics made of metal and high-
performance fibers were investigated assuming to use
these fabrics in protective clothing. As high-perfor-
mance fibers, meta-aramid fibers were considered. A
linear relationship between the conductive component
concentration (above the percolation threshold) and SE
of the fabrics was also derived.
Weft fabrics with the same structure and different
portion of conductive phase in hybrid yarn were stu-
died. Hybrid yarns forming weaves were composed of
m-aramid and staple SS fiber. Samples were character-
ized by their volume and surface resistivity (standar-
dized method). Plane-wave shielding properties of the
composite high-performance fabric were measured
between 30 and 1500MHz using the coaxial transmis-
sion line method.
The so-called percolation threshold, dependence of
resistivity, and total SE on the amount of conductive
Figure 9. The dependence of (a) the Young’s modulus and (b) the loss factor on different types of non-conductive components of
samples.
Table 8. Specified requirements of electromagnetic shielding textiles.34
Grade 5 Excellent 4 Very good 3 Good 2 Moderate 1 Fair
Percentage of electromagnetic
shielding (ES)
SE> 99.9% 99.9%	 SE> 99% 99%	 SE> 90% 90%	 SE> 80% 80%	 SE> 70%
Shielding effectiveness (SE) SE> 30 dB 30 dB	 SE> 20 dB 20 dB	 SE> 10 dB 10 dB	 SE> 7 dB 7 dB	 SE> 5 dB
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component in hybrid yarn and dependence of total SE
on volume resistivity and surface resistivity was exam-
ined. It is clear that the portion of the conductive com-
ponent has a significant effect on increasing conductivity
(decreasing resistivity) and improvement of EM shield-
ing efficiency. Samples with the highest content of con-
ductive component have EM shielding efficiency higher
than 35 dB for frequency 1.5 GHz, which means that
more than 99.9% (see Table 8) of EM waves were
shielded by the high-performance conductive fabrics.
It is possible to express dependence between resistivity
and percentage of the conductive phase in hybrid yarn
by a simple power function adopted from the literature.
It is possible to express the dependence between total SE
and percentage of conductive phase in hybrid yarn
above the percolation threshold P0 using the linear
regression model. A model for prediction of the value
P for desired shielding was proposed. It was shown that
dependence of total SE on volume and surface resistivity
of fabric above percolation threshold V0 is nearly linear
at the frequency of 1.5 GHz. For reasons given above,
the existence of the direct relation between electrical
properties and the ability of the sample to shield a
plane-wave EM field was confirmed.
It was found out that increasing the conductive com-
ponent content has an effect on increasing the Young’s
modulus, while m-aramid as a non-conductive compo-
nent of a sample significantly influences the chosen
mechanical properties (Young’s modulus) of samples.
Therefore, so-called high performance was proved.
It was also ascertained that these high-strength fab-
rics with optimum EM SE can be obtained by control-
ling the content of the conductive component. Samples
prepared in this study have not only a very satisfactory
SE level (see Table 8), but they also have very good
mechanical properties appropriate for the chosen appli-
cation (e.g. protective clothing).
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